Abstract: Recent experimental data on charge carrier transport in quantum dot solids is analyzed in light of the question whether band-like transport is the most plausible mechanism to account for the observed behavior. Upon reviewing some physical fundamentals of temperature-activated hopping, small polaron hopping and band-like transport, it is established that a combined approach of different experimental methods is required to achieve a satisfactory degree of unambiguousness to address this question. In doing so, at least one example is identified for which a high degree of supporting evidence exists that transport is in fact diffusive. It is highlighted that temperature-dependent Hall Effect measurements play an important role in this respect.
9] Carrier mobilities as large as 35 cm
2 /V ⋅ s, carrier diffusion lengths of several hundred nanometers, low excitonic binding energies, size-tunable bandgaps and large persistence to photo-bleaching have paved the way to successful implementation into solar cells, light-emitting diodes, photodetectors and field-effect transistors [10] [11] [12] [13] .
With the successive improvement of transport efficiencies through QD ensembles, the question has arisen whether state-of-the-art examples of this material class exhibit diffusive transport in a band-like fashion according to the model once developed by Bloch for macroscopic crystalline conductors [14] . The answer to this question is of fundamental importance for many QD-based applications and directly affects the design of optoelectronic devices thereof.
The scope of the present work is to provide a short account of the basic physics of band-like transport, identify a tool-set of specific experimental signatures indicative of this transport mechanism and investigate whether such signatures are present in reported measurements of current QD materials.
The article is organized as follows: In Section 2, three common criteria for band-like transport are derived, briefly discussed and their problems in terms of an unambiguous attribution to a certain transport mechanism are highlighted. In Section 3, quantitative estimates from a variety of theoretical models for key transport parameters are reproduced and detailed according to their relevance for band-like transport. In the last section, data taken from three state-of-the-art reports on transport measurements in quantum dot solids is reviewed and analyzed in terms of the criteria and parameters given in the preceeding sections. The results are used to classify the reported transport measurements as temperatureactivated hopping, small polaron hopping or band-like transport.
Criteria for band-like transport
In the following, I will reflect on three experimental observations which are often associated with band-like transport: 1) A negative correlation of the carrier mobility μ with temperature, 2) a mobility in excess of 1 cm 2 /V ⋅ s and 3) the occurrence of a Hall Effect.
Temperature-dependent carrier mobility
The carrier mobility μ in a conductor exhibiting band-like transport is given by μ = * ⟨⟨ ⟩⟩ (1) with the charge , the carrier effective mass * , the average relaxation time
the scattering coefficient , the gamma function and a material-specific attempt frequency 0 [32] . For sufficiently large temperatures (near or above the Debye temperature ), carrier relaxation is dominated by acoustic phonon scattering such that = −1/2 and
where B is Boltzmann's constant and the absolute temperature.
Then, one finds that μ ∝ −3/2 .
In contrast, if transport occurs incoherently via localized states, expressed with a hopping potential and a temperature coefficient as
is usually seen to be positive with values around 0.25 (Mott variable-range hopping), 0.5 (Efros Shklovskii variable-range hopping) or 1.0 (Arrhenius-like nearest neighbor hopping) [15] . For this reason, a negative is often taken as an unambiguous sign for the occurrence of band-like transport.
Recently, this interpretation has received growing skepticism based on the various and sometimes competing factors which define the temperaturedependence of hopping in real (and not ideal) quantum dot solids. For instance, Guyot-Sionnest has pointed out that for nearest neighbor hopping above a critical temperature / (where is the activation energy for transport), can be negative despite the fact that transport is still incoherent [26] . For a typical activation energy of 20 meV, this would require μ( ) measurements below 240 K in order to confidently attribute a negative to band-like transport.
Prodanović et al. have argued that for sufficiently polar materials, the occurrence of polaronic hopping can also manifest in a negative [16] . Briefly, if the formation of localized small polarons (coupled electron-phonon pairs) is supported by the dielectric environment of a material, the mobility can be described with a polaronic hopping rate Pol to be inserted into the Einstein relation in three dimensions μ = 2
where is the elemental charge, the QD radius, and Pol is given by classical Where these examples are somewhat material-specific and rely on a variety of simplifying assumptions, they highlight that a negative alone is not a sufficient criterion for band-like transport.
Magnitude of the carrier mobility
Glarum established for crystalline organic semiconductors that under the assumption of band-like transport, the carrier mobility should display a minimum value
where is the lattice constant of the conductor [18] . For a typical of 3 Å, μ min is on the order of 1 cm 2 /V ⋅ s. For this reason, a carrier mobility at or above this limit is often treated as supporting evidence for band-like transport, and this argument is also found in the discussion of transport in QD solids. However, it is not obvious how this should be applicable: QD solids are heterophasic materials (consisting of a QD core and a ligand shell) such that the definition of a single lattice constant is difficult. If one was to set equal to the particle size, unreasonably large mobilities on the order of several 10 2 cm 2 /V ⋅ s would have to occur under band-like conditions. Taking the atomic lattice constant of the QD material would return similar results as for organic semiconductors but neglects the effect of the ligand shell. It may therefore be instructive to think of carrier scattering between two adjacent QDs as dominated by two separate decay processes: A long decay-component ( 1 ) due to acoustic phonon scattering in the QD, given by Eq. (2), and a shorter one ( 2 ) due to scattering in the ligand shell. The resulting effective relaxation time eff is obtained as
which leads to a mobility according to [32] 
) . 
The Hall Effect in quantum dot solids
Under the influence of a magnetic field, the carriers in a conductor exhibiting band-like transport are deflected according to the Hall effect. The magnitude of this deflection is measured in terms of the Hall coefficient H which is related to the carrier concentration according to
where the Hall factor H is given by
with the Hall mobility μ H .
For conductors where carrier scattering is dominated by acoustic phonons ( = −1/2) it follows that μ H = 1.18μ, that is, the Hall mobility is expected to be slightly larger than the carrier mobility if band-like transport is operative. For all other scattering mechanisms common under the condition of band-like transport,
H is typically between 1.0 and 2 [32] . The situation changes substantially if temperature-activated hopping transport is considered instead. The classic Drude model, which Eq. (9) is based upon, is no longer valid in the absence of band-like conduction and the question arises whether a Hall Effect in the classical sense can be expected for hopping transport at all. There have been a number of indications that even in this regime a nonvanishing Hall Effect may in fact be possible, but H is generally believed to be small for temperature-activated hopping transport [20, 21, 30] .
In contrast, Friedman and Holstein have demonstrated for the special case of polaronic hopping that μ H can be much larger than μ with a Hall factor on the order of 10 [31] . For temperatures in the range 1/3 < < 2 , H is expected to decrease with increasing temperature. This is attributed to the fact that the activation energy to Hall transport is seen to be much less (approx. one third) than the activation barrier to drift transport.
Theoretical descriptions of transport in quantum dot solids
In order to evaluate whether band-like transport in an ensemble of close-packed QDs is likely to occur, it is instructive to compare the average energetic fluctuations ( ) and the charging energy ( ) to the transfer integral ( ). While expresses the chemical, structural or orientational disorder in the QD ensemble, is the energy barrier for injecting a charge carrier into a QD of limited capacitance. With the tunneling rate ( −1 ), the transfer integral is given by ≈ ℎ/ . In the Anderson regime, this band disappears if ≪ leading to a band width smaller than a critical value upon which Anderson localization is observed. For QDs, the dominant cause for the magnitude of are typically their fluctuations in ground-state energies, expressed by a Gaussian distribution of standard deviation . It can be shown that ≈ 3.7 [34] .
Quantitative estimates for the decisive values , , and have been derived previously and are merely reproduced in the following:
In the weak coupling regime,
with the coupling energy [26] . If coupling is strong and transport through the ensemble of QDs occurs in a band-like fashion, the coefficient for carrier transmission between adjacent QDs, given by = exp(− ( − 2 )) ( (12) is not meaningful. Here, ( −2 ) is the interparticle distance and the attenuation length given by [26] = 2 √ 2 * ℏ . 
13)
with the dot-to-dot distance [34] . As a raw estimate for of spherical QDs, one may use the electron-hole coulomb interaction with the dielectric constant given by [34] 
A more accurate treatment is the modified Laikhtman-Wolf model, where is given by the self-capacitance of a QD and the mutual capacitance between the QD and its neighbors as
with the average number of nearest neighbors [23] . For hexagonally close-packed QDs, the bandwidth is simply obtained as [34] = 16 .
Finally, the standard deviation of the Gaussian distribution of QD ground-state energies is linked to the Brus-formula as = (19) where is the Gaussian distribution of the QD radius and the ground-state energy of the exciton [26] . If polarization may be neglected, the numerical factor equals −2, otherwise -especially for nonparabolic bands -it is closer to −1 [24] .
Experimental data on transport in state-of-the-art quantum dot solids
In this section, I will discuss a few recent experimental observations regarding transport in state-of-the-art quantum dot solids. Using the theoretical considerations given in the previous sections, I will point out whether the reported transport data is adequately described with band-like transport.
Kang et al. have measured quantum dot solids composed of CdSe QDs functionalized with OH
− at temperatures from 233-300 K and QD diameters (2 ) from 2.9-5.1 nm [25] . The measured field-effect mobilities increased monotonically with 2 and reached a maximum of 0.6 cm 2 /V ⋅ s for the largest particles.
All samples exhibited a positive with activation energies between 30 meV for the largest 2 and 56 meV for the smallest, measureable QDs. In accordance with the authors' conclusion, this data is a representative example of nearest neighbor hopping and the weak coupling regime.
To calculate the transfer integral according to Eq. (12), we will need an estimate for the coupling energy which may be inferred according to Guyot-Sionnest as = for ≪ 1 [26] . With * e = 0.13, 2 = 5.1 nm, = 30 meV and −2 = 3 Å, we obtain a transfer integral of 15 meV. It should be noted that this can only be a rough estimate since = 0.87 and the assumption made to obtain the coupling energy may not be valid.
In continuation, the charging energy according to Eq. (17) is calculated upon using a dielectric constant for CdSe and its ligand shell of 9 and 3, respectively, and six nearest neighbors to yield roughly 7 meV for the largest QDs. Therefore, it is > C and delocalized states are possible. However, if we attribute the remaining 23 meV in For the former, temperature-activated transport with = 7.5 meV is found until 220 K, but above this temperature becomes negative. With Al 2 O 3 as dielectric, is positive with = 6.2 meV only below 140 K, above which the mobility decreases with increasing temperature. According to Sections 2.1 and 2.2, these are two strong indications that band-like transport may be operative in this material.
It should be noted that the impressive mobilities reported by Choi et al. are obtained after a complex annealing step which also involves doping of the QDs with indium. Simultaneously, the conductivity increases by 6 orders of magnitude, supporting the conclusion that a change in carrier concentration plays an important role. The authors could demonstrate convincingly that the effect of indium doping is rather a saturation of trap states and a reduction of the carrier injection barrier from the electrodes into the channel than a modification of the channel material itself. Judging the effect of the thermal treatment utilized by the authors (250 ∘ C for 10 min) is more difficult: Only after annealing at > 175 ∘ C, an increase of μ to the record values manifests, starting from an initially modest 10
The need for such an annealing step is often found in re-ports on QD solids exhibiting high mobilities. This has invoked some skepticism as to whether the observed effects are in part due to necking and local fusion of QDs, upon which percolative pathways with greatly altered transport properties could form [27] . In such a situation, the genuine physics of QDs may not be applicable anymore such that a careful distinction between real QD solids with high mobilities and those with favorable transport properties due to macroscopic percolative pathways is important. While a definite answer to this question requires an in-depth analysis of, for instance, the micro-and nanostructure, the issue of necking in annealed QD films with high mobilities in general deserves more attention. The authors have partially addressed this concern in their specific case with optical X-ray scattering studies but also note that "the resolution of each of these techniques is insufficient to rule out the possibility of interparticle necking." With this in mind and the finding that thiocyanides attached to the surface of QDs are prone to decomposition at these temperatures [28] , an accurate description of the QD environment and, thus, a quantification of the transport parameters according to section 3 is mostly out of reach.
However, if we just assume that the transfer integral in this system is large enough for the Hubbard gap to be closed, we may use Eq. (19) to anticipate whether the bandwidth is large enough (larger than ) to prevent Anderson localization. With = 2149 meV and = 5% as reported by the authors, we find < 58 meV. Following a spectroscopic investigation, Choi et al. anticipate the bandwidth in their material to be approx. 90 meV, such that Anderson localization should be absent [29] .
The large mobility ≫1 cm 2 /V ⋅ s, negative temperature coefficient even below 220 K and an estimated bandwidth significantly above the critical bandwidth for Anderson localization are supporting evidence for the presence of a band-like transport mechanism. Not available in this case are Hall Effect measurements which would shine additional light on this question. increased quickly with decreasing temperature towards a maximum around 10 for the lowest temperature. Again, such a large Hall factor cannot be explained with nearest neighbor hopping [30] . However, the reported behavior displays some obvious similarities to that predicted by Friedman and Holstein for the Hall Effect in the polaronic hopping regime [31] .
For Cu 7 S − 4 functionalization, μ H was strongly temperature-activated until 260 K, upon which a maximum was reached with μ H = 16.2 cm 2 /V ⋅ s followed by a monotonic decrease with increasing temperature. In combination, H was <1.0 below 170 K (close to the maximum in μ) and between 1 and 2 at higher temperatures, the latter of which is a common value for macroscopic conductors [32] . In accordance with the conclusions drawn from the drift mobility measurements, this high temperature Hall factor strongly argues against nearest neighbor hopping as the operative mechanism. Polaronic hopping is again an explanation worth considering, in particular in light of the relatively large dielectric constant of InAs (15.2) [33] . However, the negative temperature coefficient of both, the drift and Hall mobility, the magnitude of the mobilities and the value of H all point towards band-like transport as the most likely transport mechanism above ∼200 K in Cu 7 S − 4 capped InAs QDs. For completion, it must be noted that similar to the work of Choi et al. a rapid thermal annealing procedure (5 s at 350 ∘ C) was necessary to achieve the reported transport characteristics. The potential problems with such procedures in terms of the material integrity have already been mentioned. [34] . With = 5.8 meV obtained from their low temperature data, the necessary precondition for the validity of Eq. (15) seems to be sufficiently fulfilled with 4 ≫ 0.5. With this, the transfer integral strong becomes roughly 14 meV, and the bandwidth can be estimated with 168 meV according to Eq. (18) . The reported size distribution of the InAs QDs (<15%) gives a critical bandwidth of 77 meV, which is clearly surpassed, such that Anderson localization should be absent. To calculate , knowledge of the dielectric constant of the ligand shell would be required which is not available for the chalocogenidometalates used by Jang et al. In their analysis, the authors use of the fully decomposed In 2 Se 3 and Cu 2 S such that of the ligand shell becomes roughly 15 in this case. Indeed, there is evidence that the dielectric constant of chalcogenidometalates may be significantly larger than that of common organic ligands ( ≈ 3) [35] . Under this assumption, Eq. (17) gives a charging energy of just 32 μeV, which is not unreasonable considering the large capacity of the ligand shell. In any case, should not be larger than the total activation energy ( = 5.8 meV). Therefore, the Hubbard gap should be closed since > .
Conclusion
In this article, a combined approach of recent theoretical models to describe electrical transport in quantum dot solids is made to investigate whether state-of-theart examples of this material class exhibit band-like transport behavior. The result is that a variety of complimentary measurement techniques are mandatory in order to distinguish between nearest neighbor hopping, small polaron hopping and band-like transport which can manifest in quite similar temperaturedependencies and magnitude of carrier mobilities. To this end, Hall Effect measurements in combination with field effect transistor experiments can be very powerful. The largely independent analytic tools reviewed in the present article provide significant supporting evidence that band-like transport is likely to be operative in at least one of the provided examples. In future work, it would be rewarding to address the remaining skepticism that transport might occur predominantly through percolative pathways formed via necking and fusion of adjacent quantum dots. In this respect, Kelvin probe measurements to study the chargecarrier distribution in a quantum dot solid under applied bias could be a suitable approach.
